Pseudospectral dipole oscillator strength distributions (DOSDs) are presented for ground state Li, N, 0, H2, N" O2, NO, N,O, H,O, NH 3 , and CH •. The pseudo DOSDs are constructed by requiring the ps.:udodipole (excitation energy-oscillator strength) pairs to reproduce known values of the dipole oscillator strength sums S(k) evaluated from original DOSDs which are either completely continuous or contain a substantial continuum contribution. The pseudo DOSDs, which are a discrete representation of the original DOSDs, can be used to evaluate a variety of molecular properties in almost a trivial way, without sacrificing accuracy, by using discrete pseudospectral representations of the properties. The pseudostate DOSDs, together with ab initio pseudostates for the ground state H and He atoms, are used to evaluate orientation averaged dipole-dipole dispersion energy constants, C 6 ( a, b), and the corresponding relativistic coefficients, Wi a, b), for all pairs of atoms and molecules taken form H, He, Li, N, 0, H" N" 0" NO, N 2 0, H 2 0, NH 3 , and CH •. The results are used to assess the accuracy of semiempirical formulae for C 6 (a,a) and W.(a. a) and of combination rules for C 6 (a. b) and W. (a. b). The method of using pseudo DOSDs for the evaluation of molecular properties, relative to using the original DOSDs, becomes more important as the number of integrals over DOSDs in the definition of a property increases.
I. INTRODUCTION
Recently dipole oscillator strength distributions (ooSDs) have been constructed for the following atoms and molecules l -4 : Li, N, 0, H 2 , N 2 , °2, NO, N 2 0, H 2 0, NH 3 , and C~. These distributions were constructed from extensive experimental information, including discrete oscillator strength, photoabsorption, and high energy inelastic scattering data, and were constrained to satisfy the Thomas-Reiche-Kuhn sum rule and to reproduce available accurate refractivity and dispersion measurements for the relevant dilute gases. As such, these distributions represent a synthesis of the best information on the dipole oscillator strength distributions available to date. The DOSDs have been used to evaluate a variety of properties for the atoms and molecules of interest including various dipole-dipole dispersion energy constants 1 • 3 • 5 and those 2 • 3 involved with the straggling and stopping of fast charged particles in matter. Since the DOSDs are either completely continuous, or contain a substantial continuum contribution, the evaluation of properties involving two, and in particular more than two, species, whether the species are identical or different, requires numerical integrations which can involve a substantial computational effort and can hence become prohibitively expensive.
The purpose of this paper is to present pseudospectral ooSDs for ground state Li, N, 0, H 2 , N 2 , O 2 , NO, N 2 0, H 2 0, NH 3 , and CH 4 which provide a discrete representation, see Sec. II, of the original DOSDs and can therefore be used to evaluate a variety of molecular properties in almost a trivial way by using discrete pseudospectral representations of the properties. In Sec. III these pseudostate ooSDs, together with ab initio pseudostates S for the ground state H and He atoms, are used to evaluate all dipole-dipole orientation averaged dispersion energy constants, Cs(a, b) , and the corresponding coefficients for the lead relativistic correction to C a, Wi a, b), for all pairs of atoms and molecules; the corresponding energies are -C a R-6 and -a 2 W 4R-4, where a is the fine structure constant. The results are compared with literature values and are used to help assess the accuracy of semiempirical formulas for Ca(a, a) and W 4 (a, a) and of combination rules for Cs(a, b) and W 4 (a, b) . In this work Hartree atomic units are used throughout.
II. PSEUDOSTATE DOSDs
Pseudostate one center methods have been discussed and applied frequently in the literature, see for example Refs. 6-11. The ab initio approach6-10 involves diagonalizing the Hamiltonian of the species of interest with respect to a basis set and recovering the required pseudoeigenfunctions and eigenvalues which are then used to evaluate the relevant pseudoexcitation energies and oscillator strengths. This method is generally tractable only for relatively small systems. Another approach,11 more suitable for larger systems, is to use known values of the dipole oscillator strength sums S(k) to determine the pseudoexcitation energies and oscillator strengths where ( 1) and E, (dJ/dE) and Eo are the dipole excitation energy, differential oscillator strength, and ultraviolet absorption threshold, respectively, for the species of interest. This is the approach we adopt here for Li, N, 0, H 2 , (1) accurately evaluated from the complete DOSDs described in Refs. 1-4. It is important to emphasize that the quality of the results for the pseudostates, as reflected in the values obtained'by using them to evaluate other atomic and molecular properties, is determined 1 by the quality of the input data for the dipole sums, see also Sec. III.
By applying the theory of moments and the generalized theory of Gaussian integration,12 one can construct 13 n pseudodipole excitation energy-oscillator strength pairs (~i'/I) by requiring them to reproduce 2n known dipole oscillator strength sums 5(k),
Because the pairs (~i'/I) are essentially Gaussian integration pOints and weights, they constitute an optimum (2) 0.144615 (1) pseudostates for each molecule are listed in Table I . By demonstration these are sufficient to evaluate various other properties, see for example Sec. III, to well within the accuracyl-5 that would be obtained if the original DOSDs were employed. 15
III. C 6 (a,b) AND W 4 (a,b) VALUES
Using the results given in Table I , along with ten pseudostates for the hydrogen atom and six pseudostates for the helium atom calculated by Johnson, Epstein, and Meath, 6, 16 we have calculated the long-range orientation averaged dispersion energy coefficiene-10,17 C s , 
for each pair of species. These results are listed in Tables II and In along for the molecules under conSideration (available for photon energies generally considerably less than Eo) to within a few tenths of a percent. Error estimates for the C s values evaluated from the original DOSDs for all pair interactions taken from H, Li, N, 0, H 2 , N 2 , 02, NO, N 2 0, H 2 0, and NHs and for C S (CH 4 -CH 4 ) are given in Refs. 1 and 3. Based on these analyses we conclude that the error in our C s values is less than about 1% unless Nor ° is involved in the interaction in which case the error can be conSiderably larger. 1 The errors associated with the W 4 values in Table III should be similar to, and perhaps a bit larger than, the analogous C s results.
The values of C s from the original Dams for CHe CH 4 and all pair interactions ariSing from the species H, Li, N, 0, H 2 , N 2 , °2, NH 3 , H 2 0, NO, and NzO agree, to within the estimated error, 1,3 with those obtained from the pseudostate DOSDs and hence the former are not included in Table II. In Tables II and III we The results for C sand W 4 provided in Tables II and  III provide a means 1 ,Z4 of testing approximation formulae for C s and W 4 in an entirely self-consistent way. We find that the approximation to C s between like molecules given by Kramer, 25 (5) where L(k) is the logarithmic oscillator strength sum gives a maximum error of 0.54% and an rms (rootmean-square) error of 0.29%. The combination rule (6) for C s between unlike molecules first given by MoelwynHughes,2~
( 7) gives results with a maximum error of 2.4% and an rms error of 0.68%. The values obtained 3 from Eq. (7) for C 6( CHe B), B = H 2 , N 2 , 02' NH 3 , H 2 0, NO, N 2 0, and He, are accurate to within O. 5% rather than 2% as suggested previously. 3 Another combination rule,27 (8) which is an upper bound 28 ,29 to Cs(a -b), yields results having maximclm and rms errors of 100% and 27%, respectively, for all the species considered in this paper. This result yields values with maximum and rms errors of 9.3% and 2.1%, 9.3% and 1. 2%, 9.3% and 1. 6%, and 2.5% and 0.75%, respectively, if Li, Li and H, Li and He, and Li, H and He are eliminated from the test. The combination rule (7) is apparently of much more general use than (8), see also Refs. 1 and 24.
Approximations for W 4, analogous to Eq. (5) and (7), are given by (9) and (10) respectively. Equation (9) yields results corresponding to a maximum error of 1. 0% and an rms error ofO. 45%. The combination rule Eq. (10) does not work well for Li, giving results 10%-30% too low. For all the other interactions Eq. (10) gives a maximum error of 1. 63% and an rms error of 0.68%.
IV. DISCUSSION
It is clear that pseudo DOSDs, constructed as indicated in this paper, are very useful representations of original DOSDs with respect to the evaluation of atomic and molecular properties especially if many (E,j) data points are contained in the latter. The two explicit examples considered here, C s and W 4 , are of considerable interest in themselves but the method is much more powerful, relative to using the original DOSDs, for properties involving triple or higher multiple integrals over DOSDs, see for example Ref. 30. Accurate results for long-range nonrelativistic interaction epergies, including dipole-dipole dispersion energies, are of importance in many areas of research. They aid in the construction of semiempirical atomic and molecular interaction potentials in a significant way. 31 Used in this manner, or by themselves, longrange energies can be used to help interpret or evaluate a variety of experimental properties including those associated with atomic and molecular beam scattering and with the thermodynamics of fluids and solids. 27, 31, 32 Many of the C s values given in Table II are of importance in this context and it is worthwhile noting that values of C s can be used to help estimate higher van der Waals constants. 33
Accurate results for the long-range relativistic interaction energies are also of some interest. 18,34 Here we have obtained results for only the lead correction term to the dipole-dipole dispersion energy in an expansion of the exact Casimir-Polder retarded dipoledipole interaction energy valid for R (~o where ~o is a characteristic wavelength. 18 The pseudo (or the original) DOSDs can be used to evaluate (1) all the terms in the expansion of the retarded dipole-dipole energy for both R (~o and R > ~o and (2) the exact Casimir-Polder result itself. In this way the validity of the expansions could be examined for a variety of atomic and (orientation averaged) molecular interactions, see also Refs. 18 and 34.
It is relevant to emphasize the remarkable accuracy of Kramer's25 approximation for Cs(a -a), see Eq. (5), which avoids double integrations over the DOSD of molecule a; the extension to Wia -a) is also very satisfactory. Finally the results for C s( a -b) obtained from the Moelwyn-Hughes 26 combination rule appear to be generally very reliable while the extension to W 4 (a -b), given by Eq. (10), is questionable for some species (for example Li in the test studied here).
